Summary Characteristics of the tumour metabolic profile play a role in both the tumour-host interaction and in resistance to treatment. Because carbogen (95% oxygen/5% carbon dioxide) breathing can both increase sensitivity to radiation and improve chemotherapeutic efficacy, we have studied its effects on the metabolic characteristics of Morris hepatoma 9618a. Host carbogen breathing increased both arterial blood p002 and P02, but decreased blood pH. A fourfold increase in tumour P02 (measured polarographically) and a twofold increase in image intensity [measured by gradient recalled echo magnetic resonance (MR) imaging sensitive to changes in oxy/deoxyhaemoglobin] were observed. No changes were seen in blood flow measured by laser Doppler flowmetry. Tumour intracellular pH remained neutral, whereas extracellular pH decreased significantly (P < 0.01). Nucleoside triphosphate/inorganic phosphate (NTP/P,), tissue and plasma glucose increased twofold and lactate decreased in both intra-and extracellular compartments, suggesting a change to a more oxidative metabolism. The improvement in energy status of the tumour was reflected in changes in tissue ions, including Na+, through ionic equilibria. The findings suggest that the metabolic profile of hepatoma 9618a is defined partly by intrinsic tumour properties caused by transformation and partly by tissue hypoxia, but that it can respond to environmental changes induced by carbogen with implications for improvements in therapeutic efficacy.
Transformation of normal cells into tumour cells leads to changes in tissue growth patterns and to alterations in metabolism (Warburg, 1930) . Weber (1968) noted 50 specific biochemical parameters that correlated with the growth rate of tumours. These parameters, which include high rates of glycolysis, decreased respiratory activity etc., lead to the classic tumour metabolic profile.
Several characteristics of the tumour metabolic profile have been proposed to take part in the tumour-host interaction (Gatenby, 1995; Gatenby and Gawlinski, 1996) and malignant progression (Schwickert et al, 1995; Hockel et al, 1996) . These characteristics are also thought to play a role in the resistance of solid tumours to radiation and/or chemotherapy. A variety of factors may be involved in the lack of responsiveness, including poor oxygenation and low pH, primarily created by inadequate and compromised vasculature. Host carbogen (95% oxygen/5% carbon dioxide) breathing increases both radiosensitivity (Rojas, 1991) and the uptake and efficacy of chemotherapeutic pro-drugs such as 5-fluorouracil and ifosfamide McSheehy et al, 1998) in tumours. It also causes increased tissue oxygen tension in many (Song et al, 1987; Falk et al, 1992; Grau et al, 1992; Nordsmark et al, 1995; Hill et al, 1998) , but not all (Falk et al, 1992; Brizel et al, 1995) , tumour types when measured polarographically. In addition, host carbogen breathing causes increases in signal intensity in gradient recalled echo magnetic resonance images (GRE-MRI) of several rat tumour types (Robinson et al, 1995 . Because the principal basis of the image contrast in the GRE-MRI method is paramagnetic deoxyhaemoglobin, an increase in signal intensity suggests an increase in the oxy/deoxyhaemoglobin ratio, possibly resulting in an increase in tissue oxygenation. Host carbogen breathing therefore presents itself as an interesting and relevant physiological challenge to the tumour environment that is likely to perturb tumour metabolic characteristics related to malignant progression and the outcome of treatment.
Another issue that may be examined in response to host carbogen breathing is tumour acidity and the associated ion balances across the tumour cell membrane. In spite of high rates of glycolysis and lactic acid production, tumour intracellular pH (pH) remains relatively neutral whereas extracellular pH (pHe) is acidic (which is the reverse of normal tissue). Previously, we have shown that the reversal of the pH gradient involves changes in many ions and metabolites (Stubbs et al, 1994 . These parameters were shown to be interrelated through linked equilibria, such that the cancer cell maintains electrical and osmotic equilibrium and pHi neutrality. Host carbogen breathing is a metabolic insult that is likely to affect the tumour cells' energy metabolism (through hyperoxia) and to cause acidification (through hypercapnia). The interplay of these effects is likely to perturb the *Present address: Yale University School of Medicine, Department of Therapeutic Radiology, PO Box 208040, New Haven, C 06520-8040, USA. linked ionic equilibria. Because hepatoma 9618a responds to carbogen and because its metabolism has previously been compared with that of normal liver, its tissue of origin (Stubbs et al, 1994) , this tumour type was chosen to investigate the effects of host carbogen breathing.
MATERIALS AND METHODS Animals and tumours
Morris hepatoma 961 8a was grown subcutaneously in the flanks of Buffalo rats (230-250 g). The animals were anaesthetized with a single intraperitoneal (i.p.) injection of fentanyl citrate (0.315 mg ml-') plus fluanisone (10 mg ml-') ('Hypnorm', Janssen Pharmaceutical), midazolam (5 mg ml-') ('Hypnovel', Roche) and water (1: 1:2), at a dose of 4 ml kg-'. This anaesthetic combination has a minimal effect on tumour blood flow (Menke and Vaupel, 1988 ) and 3'P-magnetic resonance spectroscopy (MRS) characteristics (Sanson and Wood, 1994) . Different cohorts of animals were used (total n = 41, mean tumour volume 1.73 ± 0.13 cm3) because not all of the procedures could be performed on the same animals. The tumours used for the GRE imaging studies also formed part of another study . One cohort (n = 5) was used for the 3'P-MRS studies followed by rapid freeze clamping; one (n = 4) for control lactate, glucose, Na+ and K+ measurements; one (n = 3) for interleaved 3'P-MRS and GRE 'H-MRI to establish the time course of the biochemical changes relative to the imaging changes; one (n = 8) for polarographic pO, measurements; one (n = 3) for laser Doppler blood flow measurements with and without carbogen breathing; and one (n = 11) for extracellular lactate measurements. Two further cohorts of control rats were used to study the effect of carbogen breathing on arterial blood gases (n = 3) and on blood plasma glucose and lactate levels (n = 4). 
Laser Doppler flowmetry
Relative changes in microvascular perfusion (Chaplin and Hill, 1995) were measured using the Oxford array multichannel Laser Doppler System (Oxford Optronix, Oxford, UK). This system incorporates probes coupled to a laser diode containing optical fibres which deliver and collect light from the tumour. Movement of red cells causes interaction with the photons of light causing a change in frequency Doppler shift, which is a measure of blood velocity.
Magnetic resonance spectroscopy and imaging 31P-MRS and 'H-MRI were performed on a SISCO 200-330 spectrometer at 4.7 T. For PHe measurements, rats were injected with an extracellular marker, 3-aminopropylphosphonate (3-APP) (Sigma, UK), at 1.54 g kg-', i.p. 30 min before the spectra were collected (Gillies et al, 1994) . Rats were placed on a flask containing recirculating warm water to maintain the core temperature at 35°C and positioned so that the tumour hung vertically into a two-turn 2-cm coil tuned to 3'P or dual-tuned to 'H/3'P. Nonlocalized 31P-MRS spectra were acquired using a hard pulse with a repetition time of 3 s (64 transients), giving an overall acquisition time of 4 min. Signal contributions from outside the tumour (largely muscle) were minimized by careful coil placement; this was confirmed by the negligible phosphocreatine signal seen in the spectra. The advantage of this over a localized technique such as ISIS (image selected in vivo spectroscopy) is twofold; there is no chemical shift artefact and, therefore, no correction is required (McCoy et al, 1995) and the acquisition time is much shorter, thus allowing optimal temporal resolution during the interleaved experiments. Spectra were analysed in the time domain using VARPRO (van der Veen et al, 1988) and the ratio of ,B-nucleoside triphosphate/inorganic phosphate (,-NTP/P,) calculated. Tumour pH, was measured from the difference in chemical shift between the P.
resonance and that of a-NTP at -7.57 p.p.m. and PHe from the difference between 3-APP and a-NTP (McCoy et al, 1995) . For the GRE imaging sequence (Haase et al, 1986) , the echo time (TE) was 20 ms, the repetition time (TR) was 80 ms and the flip angle (a) was 45°. A 1-mm slice through the centre of the tumour was chosen and eight acquisitions of 256 phase-encoded steps over a 4-cm field of view was used. After zero-filling to a 512 matrix, the in-plane resolution was 0.08 x 0.08 mm. Each image took 4 min to acquire. (For the interleaved experiments the 'H image intensity was calibrated from the water signal intensity.) The average pixel intensity was calculated over a region of interest that encompassed the tumour but excluded the skin. The results are reported as per cent normalized image intensity over the whole tumour, taking the initial air-breathing intensity as 100%. Baseline spectra and images were initially acquired from tumours while the rats breathed air and subsequently carbogen for 60 min.
Tissue and blood metabolites and ions
After MRS examination of the tumours, the rapidly excised tumours were freeze clamped with liquid nitrogen-cooled tongs, followed by extraction with perchloric acid and neutralization. Arterial blood samples were taken from the iliac artery before and during carbogen breathing and the samples were centrifuged to remove the red cells. Subsequently, an aliquot of the plasma was deproteinized with perchloric acid and neutralized. Tissue and plasma lactate and glucose were measured according to Bergmeyer (1974) on the neutralized extracts. For Na+ and K+, freeze-clamped material was homogenized in distilled water (1:10), sonicated and measured by atomic absorption spectroscopy using lithium nitrate as a carrier.
Na+ and K+ were also measured on control livers from animals freeze clamped at the same time as the tumours. 
RESULTS
The effect of carbogen breathing on arterial blood gases and pH is shown in Table 1 . Carbogen breathing caused a fivefold increase in arterial blood pO2 and a twofold increase in blood pCO2 (P < 0.01). The pCO2 is somewhat higher than that previously reported by Dewhirst et al (1996) but is to be expected because of the longer period of carbogen breathing in the experiments reported here. There was also a small but significant (P < 0.01 by paired t-test) decrease in blood pH. Concurrent with these findings was a fourfold increase in tissue median pO2 from 6.4 ± 2.1 to 27.4 ± 14.3 mmHg and a decrease in pO2 values <2.5 mmHg from 34% to 18.5% after carbogen breathing (Figure 1 ). However, these differences did not achieve significance. 3'P-MR spectra acquired from hepatoma 9618a during air and carbogen breathing are shown in Figure 2 . Resonances were identified for 3-APP (used to calculate pHe), phosphomonoesters (PME), inorganic phosphate (P) and y-, a-and ,Bnucleoside triphosphates (NTP). The absence of phosphocreatine in the hepatoma spectrum indicates negligible contribution from surrounding tissues (see Materials and methods). Breathing carbogen caused an increase in the NTP signals and a decrease in the P. signal. The apparent increase in the 3-APP signal during carbogen breathing can be accounted for by 3-APP being taken up by the tumour in a time-dependent manner (Gillies et al, 1994) . Because the spectrum during airbreathing is acquired first, less 3-APP is observed. However, it is the chemical shift position, rather than the magnitude of the signal, that is important in this context.
The ,B NTP/P, ratio of the hepatoma increased twofold (P < 0.01) after 30 min carbogen breathing (Table 2 ). Closer analysis of the increase in the fB-NTP/P. ratio demonstrated that the ,B-NTP increased and the Pi decreased by a similar amount (by + 30% and -35%, respectively, calculated from the amplitudes obtained from the VARPRO analysis), as would be expected for net ATP synthesis from ADP and P,. The effect of host carbogen breathing on tumour pHi was negligible, whereas PHe became significantly more acid.
The net result of this was a twofold increase (P < 0.01) in the pH gradient (ApH) across the tumour cell membrane, from -0.26 to -0.57 (NB: acid outside, alkaline inside). This compares with pHi of 7.2 and PHe of 7.4 (ApH of +0.2) in liver from air-breathing controls (data from Stubbs et al, 1994) .
Tissue glucose and lactate were measured in acid extracts subsequently made from freeze-clamped tumours, from the cohort that had been examined by-31P-MRS during carbogen breathing and Lactatee (mM)a 2.68 ± 0.16** 1.58 ± 0.17** 1.51 ± 0.25 n = 4/5, except a where n = 11. *P < 0.05, **P <0.0001 compared with air breathing. bLiver data taken from Stubbs et al (1994) and Evans and Williamson (1988) .
from air-breathing control tumours (Table 3) . Tumour glucose was twofold higher (P < 0.02) after 30 min carbogen breathing. In contrast, tumour lactate content (measured in extracts) was significantly lower after carbogen breathing (P < 0.02), and this was mirrored by a significant decrease (P < 0.05) in the extracellular lactate measured by microdialysis on a separate cohort. Measurements of plasma glucose during carbogen breathing showed an increase after 10 min, which by 30 min represented a doubling in plasma glucose concentration (see Figure 3) . The increase was significant at 20 and 30 min (P < 0.01) compared with air breathing. However, when the animals returned to air breathing after 30 min carbogen breathing, the plasma glucose returned towards precarbogen values (11.5 ± 4.3,mol ml' after 12 min of resumed air breathing). The control plasma glucose breathing, but these changes were not significant (P > 0.1). Because the tumour represents only 1-2% of the body weight of the animal, the decreases observed in tumour and extracellular lactate would not be expected to be reflected in plasma lactate concentration. Increases in blood and tissue glucose and decreases in tissue lactate have been observed previously in experiments looking at the effects of hypercapnia in brain (Folbergrova et al, 1972; Miller et al, 1976) .
Concurrent with the increases in blood and tissue pO2 was an 80% increase in the GRE-MRI image intensity normalized across the whole tumour -from 100% (air breathing) to 184% ± 7% (P < 0.0001) with carbogen breathing (see also Robinson et al, 1997) . Interleaved GRE-MRI/31P-MRS (Figure 4) showed that the effect of carbogen on the GRE-MRI image was immediate and was maintained for up to 1 h during continued carbogen breathing ( Figure 4A ), whereas, as might be expected, it took longer (30-40 min) for a plateau to be reached in the ,B-NTP/P. ratio ( Figure   4B ). Similarly, the PHe gradually decreased to reach a value of about 6.5, whereas pHi remained unaffected ( Figure 4C ).
The increase in contrast in the GRE-MRI image may have both oxygenation and flow components (Howe et al, 1996) . Complementary information on the oxygenation component was Dobson et al (1992) . Figure 5A ), indicating that the mean GRE-MRI intensity increase observed was probably mainly due to increased oxygenation of blood and tissue rather than flow effects. Because the reversed membrane pH gradient of tumours is linked to changes in gradients of other cellular ions (Stubbs et al, 1994 , tumour Na+ and K+ were also measured and HCO3-was calculated (Table 4) . Tumour Na+ was elevated in these tumours compared with liver as shown previously (Stubbs et al, 1994) . After 30 min of carbogen breathing, tumour Na+ decreased. Tumour K+ was also shown to be lower in hepatoma (67.6 ± 8.5 jLmol g-1) than in liver (101 ± 0.87 4mol g-1) and increased (non-significantly) with carbogen breathing. The total content of Na+ plus K+ did not change with carbogen breathing (Table 4) . The bicarbonate, which was calculated from the Henderson-Hasselbalch equation according to Dobson et al (1992) using pCO2 values from the blood gas analysis and assuming a value of 12.4 Mmol g-I wet weight measured previously (Stubbs et al, 1994) , was twofold higher with carbogen breathing because pHi was essentially unchanged.
DISCUSSION
Morris hepatoma 9618a was chosen for these studies because a significant amount of metabolic information already exists (Weber et al, 1971) , and comparisons between the hepatoma and its tissue of origin (the liver) have been previously documented (Stubbs et al, 1994) . The metabolic characteristics of tumours are determined by both the transformation process itself (intrinsic properties) and by the interaction of the transformed tissue with the environment in which the tumour cells find themselves. Metabolic changes induced by carbogen breathing are, therefore, environmental modifications of an existing metabolic profile.
Previously (Stubbs et al, 1994 , we have interpreted the linked abnormalities in tumour ion balance as an extended Donnan equilibrium system (Masuda et al, 1990) . If the present results are interpreted within this framework, carbogen breathing would be expected to perturb the system in three ways: (i) the increased pO2 would induce a more oxidative and less glycolytic cell metabolism, resulting in a decrease in lactic acid production and, thus, a decrease in the intracellular acid load; (ii) hypercapnia induces extracellular acidosis, which will provide a challenge to tumour pH homeostasis because the cells will have to export H+ ions against a steeper gradient; (iii) the ratio [ATP]/[ADP][P,] would be higher during oxidative metabolism -all these metabolites are charged and form part of the extended Donnan equilibrium system.
The carbogen-induced increase in NTP/Pi, taken together with the increased substrate supply (higher plasma glucose, probably due to a stress-mediated breakdown of liver glycogen), higher pO2, neutral pH, and lower tissue lactate found are all consistent with a move towards a more oxidative metabolism (more glucose oxidized therefore less lactate formed). Indeed, a higher NTP/P, would also allow increased activity of the Na+,K-ATPase, and thus explain the higher Na+ gradient (i.e. a decrease in tissue Na+).
The extended Donnan equilibrium model thus successfully accounts for, at least qualitatively, the carbogen-induced changes seen in hepatoma 9618a, through ion homeostasis and the maintenance of electrical and osmotic equilibrium. In spite of the additional acid load from the carbon dioxide component of carbogen, pHi remains neutral through the linked equilibria of many ions and metabolites. This is important for the cancer cell to provide a favourable environment for various intracellular activities and is probably related to the improved energy status of the tumour.
However, the change in PHe is paradoxical. Gullino (1976) observed a similar decrease in the pH of interstitial fluid in his model of implanted micropore chambers within tumour tissue when the animals breathed 10% carbon dioxide in air, so it is not unexpected. Protons and lactate-can move together on the monocarboxylate carrier and the distribution of H+ and lactate-across the plasma membrane tends to assume the relationship [H+] [lactateJ / [H+1]e[lactate-]e = 1 (Spencer and Lehninger, 1976; Veech, 1991) . These assumptions appear to hold reasonably well for tumours in the steady state (Stubbs et al, 1994) . However, under the conditions of a carbogen challenge, a decrease in both PHe and lactate is observed. This suggests that the severity of the carbogen challenge causes a disequilibrium such that protons are exported much more slowly from the extracellular fluid into the blood than under normal equilibrium conditions. If this is the case, then the decrease in tissue lactate must be explained by decreased formation rather than increased removal, which is consistent with the view that more glucose is oxidized and, therefore, less goes to lactate.
The carbon dioxide component of carbogen is thought to maintain tumour blood flow by reducing hyperoxic vasoconstriction and improving oxygen delivery by shifting the haemoglobinoxygen dissociation curve to the right (Rojas, 1991) . GRE-MRI studies have shown that hepatoma 9618a responds strongly to carbogen breathing (Robinson et al, 1997 and herein) , and it has been suggested (Howe et al, 1996) that the rapid (measurements taken 4 min after the switch from air to carbogen) increase in GRE-MRI signal intensity reflects the rapid change in either or both of the components that contribute to the signal intensity, i.e.
T,* and a flow component. The studies here show that in hepatoma 9618a the flow component is probably negligible because no increase in the average microregional blood flow was shown by laser Doppler measurements after carbogen breathing. This has also been observed in several other (Dewhirst et al, 1996; Powell et al, 1996; Hill et al, 1998) , but not all (Honess and Bleehen, 1995) tumour types. Both increased oxygen tension and increased flow in response to carbogen breathing appear to be a tumour (type)-specific phenomenon (Hill et al, 1998) . Because increased oxygenation, and thus decreased deoxyhaemoglobin, is the principal component of the GRE-MRI contrast change in this tumour type and the flow changes are negligible, the results could be explained by a carbogen-induced increase in tumour vascular volume.
Overall, the changes observed during carbogen breathing suggest that the metabolic characteristics of hepatoma 9618a are a combination of both intrinsic properties and environmental limitations. It is well known that tumours may depend on both aerobic (Warburg, 1930) and anaerobic glycolysis for their energy. Such metabolism leads to elevated lactate and a reversed pH gradient, characteristics of many tumour types including hepatoma 9618a. These characteristics could be owing to either the lack of some part of the enzymatic capacity to oxidize nutrients (which would cause the loss of the Pasteur effect and allow glycolysis to proceed even in the presence of oxygen) and/or poor tumour blood flow or perfusion, which may cause areas to be virtually excluded from oxygen (anaerobic glycolysis). Correlations have been made between the overall glycolytic rate (aerobic and anaerobic) of tumour cells measured by lactate production and the tumour growth rate/differentiation status (Weber, 1968; Kallinowski et al, 1989) . Hepatoma 9618a is a well-differentiated tumour and as the lactate content is decreased by host carbogen breathing, this is likely to reflect a decrease in the rate of anaerobic glycolysis. Vaupel et al (1994) showed correlations between median tissue pO2 measurements and NTP/Pi ratios in a murine tumour.
Increases in NTP/Pi and pO2 similar to those seen in hepatoma 9618A, have been seen in a CH3 mammary adenocarcinoma in response to host carbogen breathing (Nordsmark et al, 1997) . In a study of four rat tumours (including hepatoma 9618a) and 17 mouse tumours measured polarographically and reported elsewhere (Collingridge, 1997) , hepatoma 9618a had one of the highest median pO2 values of all tumours studied, consistent with its status as a well-differentiated tumour type. Although tissue pO2
represents a balance between oxygen delivered and consumed, given the peculiarities of tumour metabolism, a high pOQ suggests better blood supply and perfusion than a tumour with low pO .
Thus, either because of or in spite of increased tissue oxygen tension, hepatoma 9618a has maintained more of its oxidative enzyme machinery than, for example, a poorly differentiated tumour which has a low tissue pO2, e.g. RIF-I (pO = 1.3 mmHg ± 0.3 mmHg, Collingridge, 1997) . In this latter tumour type, no increase in either GRE-MRI contrast or in NTP/P, was observed on carbogen breathing (Dr PMJ McSheehy, personal communication). However, hepatoma 9618a appears still to have the capacity to respond in a metabolic sense to hyperoxygenation, and, in doing so, the tumour metabolic profile (with the exception of bicarbonate -increased because of the additional carbon dioxide load) shows the characteristics of a betteroxygenated tissue. This may be judged in the case of the hepatoma by comparing it with liver tissue -a well-oxygenated normal tissue counterpart. The carbogen-induced changes in metabolic parameters' of the hepatoma shown in Tables 2, 3 and 4 (i.e. higher ,3-NTP/Pi ratio, lower tissue lactate, higher tissue glucose, lower tissue Na+, higher tissue K+) move in the direction of the metabolic profile of liver. In summary, the results presented herein show that increased oxygenation (confirmed by polarographic measurements) caused by carbogen breathing (with no significant changes in blood flow) enables rat hepatoma 9618a to oxidize more substrate and improve its energy status. In addition, the hyperoxia and hypercapnia lead to many changes concerned with ion homeostasis. Thus, it appears that the metabolic profile of hepatoma 9618a is defined partly by transformation-induced intrinsic properties and partly by tissue hypoxia, and that it is still able to respond to environmental changes induced by carbogen. The tumour maintains its pH1 despite the fall in pHe. A practical consequence of this is that the pH gradient between the intra-and extracellular compartments is greater, a feature that would favour the uptake of drugs that display a pH dependency (e.g. 5-FU; Gerweck and Seetharaman, 1996) and, thus, may play a role in the increased chemotherapeutic efficacy seen with carbogen breathing (McSheehy et al, 1998) . A better understanding of the metabolism of carbogen-induced tumour effects, and the way in which the tumour microenvironment interacts with tumour metabolism (or vice versa), is biologically important and might provide new strategies for cancer treatment.
